Abstract -The paper describes the experiment concerning low and medium energy electron beam water treatment. The design and construction of the lab scale electron beam water treatment apparatus are described. The irradiator can utilize two types of electron permeable windows, namely 15 pm or 25 pm titanium foils, and 10 pm boron nitride ceramic window. The electron beam is generated in high vacuum Pa). The closed water circulation system enables to adjust the dose of electron radiation not only by the beam power and flow rate of water but also by varying treatment time.
I. INTRODUCTION
In the last three decades very rapid industrial growth has been a major cause of contamination of ground and surface water sources. Recently, it has been realized that even trace quantities of organic contaminants are hazardous, in particular aromatic and aliphatic hydrocarbons and their halogenated compounds. Many of these chemicals are proven or suspected carcinogens [1, 2] . As a result of increased industrialization, a lack of relatively clean drinking water sources requires contaminated water sources to be used after purification treatment. The above mentioned difficulties, along with increasingly strict local and global regulations (maximum contaminant level -MCL -has been constantly lowered as the knowledge about hazardous contaminants has been increasing [31) enacted to limit the concentration of hazardous compounds in a final water product, have led to a search for new efficient technologies to remove or avoid such a contamination.
The contamination of drinking and wastewater by organic hydrocarbons can generally take place in two different ways: 1. the compounds can arise from industrial wastes, and 2. can be formed during chemical disinfection of water by means of either chlorine or ozone. Hydrocarbons, such as toluene, benzene, xylene, nitrobenzene, phenols, trichloroethylene (TCE), and tetrachloroethylene (PCE), and many others can be introduced to the ground and surface waters as industrial waste.
Halogenated hydrocarbons can be found in drinking water as a consequence of disinfection with chlorine, which has been the most common way to disinfect drinking water in North America since the beginning of the 20th century. Disinfection with ozone, the technique which has commonly been utilized in Europe, can cause the formation of formaldehydes, bromate BrO;, and organic compound peroxides. All these contaminants pose a potential health threat to human populations -most of them are fairly resistant to chemical or biological degradation.
Conventional water treatment technologies for the removal of organic contaminants include ozonation, activated carbon absorption and aeration [1, 2] . In the latter two processes, a contaminant is simply transferred to another medium. Lately, advanced oxidation technologies (AOT), such as UV light combined with hydrogen peroxide, y and electron radiation, have been successfully used to decompose organic compounds in water 14-10]. All of the AOT processes are used for generating oxidizing and reductive chemical species, which lead to successful breaking of organic contaminants.
Electron beam water treatment (water radiolysis) provides relatively high removal efficiency for many organic contaminants. It results from the fact that strongly reducing reactive species (e-q -hydrated electron, and H -hydrogen radical) and strongly oxidizing species (OH -hydroxyl radical) are formed at the same time and in approximately the same concentration. It is even claimed that no other oxidation process has the capability of generating as high an overall free radical Power losses and energy attenuation during electron beam evacuation from high vacuum chamber through an electron transparent window; 3. Limited useful range of electrons in water; 4. High cost of X-ray shielding and insulation systems because extra high voltages are usually used (0.5 -1. 5 MeV).
In order to increase the efficiency of electron beam water treatment, the accelerating voltage should be as low as possible, and at the same time the utilization of electron beam power must be very high.
The objective of the presented work is to explore the possibilities of a use of low and medium energy electron beam (100-300 keV) for treating contaminated water. In the case of low and medium energy electron beam water treatment, it is important to limit power losses during passage of the beam through the window as well as to increase a power density that can be applied to the transparent window. The fist can be achieved with the use of low absorptivity, 10 pm thin, boron nitride window, which has a high beam current transmission even at a relatively low accelerating voltage. The latter can be achieved by a suitable cooling of the window, e.g. when the treated water is used as a window coolant. The results of our experimental study shows that it is possible to reduce a variety of organic contaminants using low energy electron beam radiation.
EXPERIMENTAL SETUP

A. Lab Scale Electron Beam Water Purifiiator
Schematic diagram of the electron beam apparatus designed for treatment of water is presented in Figure 1 . The electrons were emitted from bolt filament dispenser hot cathode placed in the electron gun. The filament was heated by using a heating circuit (function generator plus amplifier) the output of which was connected to isolating transformer used to isolate dc high voltage terminal from control of the beam current (the filament heating circuit). The emerging electrons were accelerated by negatively polarized dc high voltage applied to the electron gun cathode. The electron beam was generated in high vacuum (less than l o 5 Pa) obtained by the system of diffusion, rotary and sorption pumps. The vacuum chamber was made of glass, so that it could play the role of a high voltage bushing. The accelerated beam bombarded the anode in which electron permeable layer was placed. The energetic electrons were passing through the window and were injected into water, which was directly in touch with the exterior surface of the window. Such an arrangement allows one to obtain a suitable cooling of the window with the use of the treated water. The apparatus (Fig. 1) utilized the accelerating voltages of up to 180 kV and the beam current was within the range of 0.1-1.5 mA. The water flow rate was varied within the range of 1-5 kgmin. The volume of the treated water was between 1 and 4 liters. The absorbed dose could be varied either by a change in incident beam power or by a number of exposures of the treated water volume during a measuring cycle, because closed water circulation system was used.
B. Electron Permeable Windows
Types of electron beam devices used in electron beam radiation processing require that the beam pass out of a vacuum chamber in which the electron beam is generated. The vacuum chamber or electron gun housing is provided with a window for passage of the electron beam, so that the beam can be directed toward the workpiece positioned outside of the chamber. The window must be covered with a membrane which permits passage of the electron beam to the outside of the chamber, but which blocks passage of air or other fluids into the chamber so as to preserve the vacuum within the housing. Especially in the case of high-power and low-and medium-energy electron beams, it is the transparent window that is of special importance, because of a relatively high beam power absorption in the window.
In commercial electron beam radiation facilities, which utilize electron energies above approximately 300 keV, the requirements can best be satisfied by titanium and aluminum foils or by their alloys [I 11. The usual thickness of the foil is about 25 p which enables to build big air-cooled widows (up to 1 m long and up to 0.1 m wide) for scanned electron
In the case of low electron energies, very thin membranes formed from materials having inherently low electron absorptivity -typically boron, silicon, aluminum and their hydrides, carbides, or nitrides -are preferred [ 121. These materials have a high mechanical strength, however they usually are inorganic ceramics and can only be used for relatively small openings due to their brittleness.
Generally, the efficiency of electron beam transfer through the window depends on the accelerating voltage; the higher the voltage, the lower the relative losses in the window material. Figure 2 shows the dependence of current transmission fraction on the accelerating voltage for 3 different types of windows: 25 and 15 p thick titanium, and 10 pm thick boron nitride windows. The transmission fraction was defined as the ratio of the incident beam current to the current measured behind the window in vacuum. According to the results, BN window provides very high electron beam power utilization even at relatively low accelerating voltage (90% at 100 kV). Because of the brittleness of the BN ceramic and due to the internal stress built in the layer during its preparation process, a special care must be taken during mounting the layer in the anode opening. Figure 3 shows the method of assembling the 12 mm diameter boron nitride windows. The frame of the window must provide a high vacuum leakproof seal, which was obtained by using low vapor pressure epoxy.
C. Electron Gun
The dispenser cathode electrode gun depicted in Fig. 4 was used in the experiment. This type of electron gun is a lowwork function bolt cathode electron source. The dispenser cathode is one that generates and maintains an excess of low work function metal or metal oxide, say barium or thorium and their oxides, at its surface and relies on that excess for its emission properties [13] . The dispensed low-work function material (about 1% [131) is contained within the body of another material to provide structure and shape for the cathode, and is caused to migrate to the surface by a diffusion process. This rather complex mechanism is usefui because materials with low work functions frequently have too low melting temperaNe therefore can not be used in their pure bulk state. The dispenser cathode generates what is usually taken to be a mono-molecular electropositive layer of the emitter producing a strong electric field and reducing the work function to the value that is even lower than that of dispensed material in bulk [13] . In addition, such a layer evaporates more slowly than the bulk material. Besides thorium and barium in tungsten, thorated iridium, zirconized and titanized tungsten are also sometimes used [13] . The dispenser cathode gun supplied by CPI, Ltd. was used in the experiments. For this gun, the emission current of 10 mA is obtained for voltage across the filament of 7.1 V; whereas the current flowing through the filament is 1.7 A.
The control of the beam current can be obtained by varying the temperature of the hot filament. Controlling the voltage across the filament can vary the temperature. This type of the electron beam current control was used in the experiments. Fig. 4 . Construction of dispenser cathode electron gun 111. RESULTS The dependency of relative concentration of contaminants c=C/CO (where C is the concentration after the e-beam treatment, and C, is the initial concentration of the compound) on absorbed dose, A, of electron radiation was measured. The experiments were carried out for the following contaminants dissolved in deionized water: trichloroethylene, chloroform, benzene, toluene and nitrobenzene. Benzene, toluene and trichloroethylene can be found in waste and ground waters as a consequence of industrial waste disposal. Nitrobenzene is a significant component of systems, which are used for radioactive waste extraction, for instance, in nuclear plants for extraction of cesium [15] .
The concentration of trichloroethylene, benzene, toluene and chloroform was measured by using microextraction to hexane method and further gas chromatography [14] . The concentration of nitrobenzene was measured by high purity liquid chromatography method.
A. Absorbed Dose Calculations
The absorbed dose of electron radiation was calculated on the basis of the measurements concerning the power losses occurring when the electron beam passes the window. Taking into account the power loss, energy absorption pattern of following formula was used to estimate the average absorbed dose of electron radiation: R, is the penetration depth in mm calculated for a given accelerating voltage. HW is the thickness of the water stream -1-3 mm. q(1) is the transmission efficiency of the electron beam current, and q(E) is the attenuation of the electron beam energy, both depending on the window material and thickness, measured at a given accelerating voltage. PO is the incident electron beam power in W. t is the treatment time in s (water circulation time). m is the mass of treated water in kg, and n is the number of exposures of the treated water of mass m during the treatment time t. The ratio RJH, estimates the volume of water through which the incident electrons penetrate. The constant 0.75 is used to account for the average power absorbed within the useful range of electrons. The results presented in Fig. 5 show that it is possible to decompose all the investigated compounds for relatively low energies of the electron beam. The absorbed dose of about 22 Hkg is required for at least 90% reduction of the initial con-ene). The dose of about 25 kJ/kg causes 80% reduction of nitrobenzene.
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The removal of the investigated compounds follows the exponential pattern. This is the feature of the first order chemical reaction kinetics, which can be described by the following expression:
where: C (moldliter) is the solute concentration at any absorbed dose A (J/kg), CO (molefliter) is the initial solute concentration, and k (kg/J) is the dose constant representing the reaction rate, i.e. the amount of solute reduced per unit of the radiation energy absorbed. The constant k can be calculated on the basis of the measurements; however, it must be remembered that this constant depends on various parameters, such as initial concentration, temperature, water pH, and alkalinity, etc.
C. Enect of Electron Beam Power Utilization
The efficiency of electron beam power conversion into absorbed dose contributes significantly in an overall efficiency of electron radiation processes. The main factors that can cause the electron beam power utilization to increase are: 1. use of a relatively high accelerating voltage, and 2. use of low absorptivity electron permeable membranes. The radiated dose was calculated as incident beam power over water flow rate multiplied by the number of exposures of the treated volume of water during the period of water circulation. The radiated dose was varied by the time of water circulation. The circulating water was treated over a certain period of time within the range of 10-50 minutes. The water flow was adjusted to be 1 kg/min and the volume of treated water was 2 liters. The accelerating voltage and electron beam current were 125 kV and 0.6 mA, respectively.
As can be seen in Fig. 6 , the differences in a degree of the removal of trichloroethylene as a function of total radiated dose come from the loss of the beam power during the passage through the window. The performance of the boron nitride layer seems to be the best for low energy electron beam. The removal of TCE for the maximum radiated dose D=3 1.5 kGy (Gy=J/kg) was: 83%, 53% and 32% for 10 pm thick boron nitride window, 15 p and 25 pm thick titanium windows, respectively.
D. Erect of Electron Beam Current and Accelerating Voltage
The electron beam power is one of the major parameters of the electron irradiation technique. Accelerating voltage, electron beam current and exposure time (water flow rate) are major variables that shall influence the efficiency of contaminant decomposition. Figure 7 shows the dependence of the relative concentration of benzene on the radiated dose for two different values of accelerating voltage 125 kV and 175 kV. The incident beam current was equal to 0.8 mA. The water flow was adjusted to be 1 Ymin and the volume of treated water was 2 liters. The dose was controlled by water circulation time -longer circulation time is required for lower beam power (lower accelerating voltage) in order to maintain the same radiated dose. The boron nitride window was used in the experiment, so that the losses in the beam are not a major factor influencing the removal of benzene. According to the measurements, the approximate beam power loss in the window is about 9% in the case of accelerating voltage of VA=125 kV, and approximate power loss in the case of VA=175 kV is about 6%. The initial concentrations of benzene dissolved in deionized water were e l 0 . l ppm and G-9.5 ppm in the case of VA=175 kV and VA=125 kV, respectively.
The obtained results (Fig. 7) show that, for the same radiated energy density, the rate of benzene removal is higher in the case of higher accelerating voltage. The 90% removal of benzene takes place at approximately -24 kJkg and D=31 kJkg for VA=175 kV and 125 kV, respectively. This difference can arise from the fact that at higher electron energies, the larger volume of water can be penetrated due to an increased electron range in water.
The electron beam current has even stronger influence on the removal rate of benzene. The dependence of the relative concentration of benzene on the radiated dose for two different values of incident electron beam current I a . 8 mA and 1.12 mA is presented in Fig. 8 . The accelerating voltage was equal to 125 kV. The water flow was again adjusted to be 1 l/min and the volume of treated water was 2 liters. The dose was controlled by water circulation time -longer circulation time is required for lower beam power (lower beam current) in order to maintain the same radiated dose. The boron nitride window was used in the experiment, so that the power losses in the beam are not a major factor influencing the removal of the contaminant. The initial concentrations of benzene dissolved in deionized water were &=13.0 ppm and &=12.9 ppm in the case of I=1.12 mA and I=0.8 mA, respectively. The obtained results (Fig. 8) show that for the same radiated exlergy density, the rate of benzene removal is higher in the case of higher incident beam current. The 90% removal of benzene takes place at approximately D=20 kUkg and -32 kJ/kg for 1.12 mA and 0.8 mA, respectively. This difference can be caused by higher power absorbed per unit volume in the case of higher current density at the point of action, as higher number of electrons can become hydrated.
IV. DISCUSSION AND CONCLUSION
It has been found that the absorbed dose of radiation depending on accelerating voltage, beam current, exposure time and beam power conversion efficiency, should be thought as the main parameter on which the relative removal of contaminants depends. The exponential decrease in contaminant concentration with an increase in the absorbed dose is the common feature of the removal kinetics of all the investigated compounds (Fig. 5) , even though their chemical structure and initial concentrations were different. The kinetics can be expressed as a first order reaction kinetics with the use of equation (3). Table l shows the calculated values of the dose constant k (equation 3). The estimation was based on the results presented in Fig. 5 . The following pattern of the contamination removal in electron beam water treatment has been indicated on the basis of the obtained results: 1. TCE is the easiest to be decomposed -it is removed completely for the absorbed dose being equal to about 6.5 Wkg; 2. toluene and benzene are moderately easy to remove from water -the required absorbed doses of radiation for 90% of the removal of both compounds are, approximately 14.8 W/kg and 16.2 Wkg, respectively. The similarity in required dose for removal of benzene and toluene arises from a similarity in chemical structures of these compounds; 3. chloroform is the volatile organic compound that is the most resistant to electron beam decomposition -for 90% of its disappearance, the required absorbed dose is equal to 26 H k g ; 4. nitrobenzene is more difficult to remove than all the investigated volatile chemicals -the absorbed dose of 24 kJkg is needed to decompose 80% of the compound. The decomposition pattern obtained in the experiment, which is TCE<toluene<benzene<chloroform, is somewhat different than the theoretical pattern (TCE<chloroform<benzene<tolu-ene) based on radiation chemistry derived on the basis of the differences in chemical structures, bonds, properties, and in the sequence of chain reactions [4,6,10,16,171. On the other hand, this pattern agrees with the experimental results pre-sented in works [3,7- 91 &om the EBRF in Miami. The difference between the experiment and the theory can result form the fact that there is also a significant reducing action involved in the chemistry of the electron beam water treatment process.
In the work [3] , it has been shown that chloroform has the most resistance for the removal using electron beam technique as far as chlorination by-products are considered. The remarkable reduction in chloroform concentration obtained in the studies suggests that the other trihalomethanes formed during chlorination can be decomposed by means of low and medium energy electron beam radiation. This means that the electron beam radiation can be efficiently used in drinking water treatment.
The results have also shown that it is possible to use electron beam to decompose nitrobenzene in water. The absorbed dose of electron radiation needed for an efficient decomposition of this contaminant is much higher than that in the case of volatile organic compounds. Such a difficulty can be expected on the basis of the results concerning y-ray radiation of nitrobenzene solutions presented in work [15] , as the similar radiolysis process is associated with both treatments. In order to improve efficiency of the nitrobenzene removal in the future, the process may be combined with biodegradation or other processes with the use of which a removal of nitrophenolic intermediates is quite feasible.
The level of decomposition of the contaminants does not necessarily increase with an increase in incident electron beam energy; however the energy must be high enough to allow electrons to pass through the window and to penetrate reasonably deeply into the water stream. The use of extra high accelerating voltage makes it possible to treat (penetrate) large volumes of water and therefore to reduce cost per unit volume of water, which typically is about US$ 2.9 per lo00 gallons. At the same time, if the current is not increased, using a high accelerating voltage actually reduces the power absorbed per unit volume of the treated water. The power absorbed per unit volume of the water seems to have a significant effect on the efficiency of the contamination removal. The increase in water throughput capacity and the reduction in cost per unit volume of water can also be achieved by increasing the electron beam current density at the point of action. Alternatively, power injection into water can be increased by increasieg the power density that can be transmitted through the window without any implosion of electron transparent layer. This can be achieved by the choice of either the area of the window or the window material (such as boron nitride) and proper window cooling (similar to the one adopted in this experiment using the treated water as a coolant).
The use of a low absorptivity boron nitride window makes it possible to obtain a significant removal of hazardous contaminants using a relatively low voltage (-100 kV). This is because of a remarkable improvement in efficiency of electron beam power conversion into a power absorbed per unit volume of the treated water. Although penetration depth of electrons at this level of voltage is limited to about 0.2 mm [ 1 1 , 181, the electron beam method is still quite efficient [ 191. This is important as far as design factors of water treatment facilities using electron beam radiation technique are concerned. The size of such facilities utilizing a low and medium accelerating voltage can be substantially reduced due to the facts that both insulation and X-ray shielding systems will be considerably simplified and their size will be reduced. A portable unit, which can actually be brought to various water sources, may therefore be built.
